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Abstract
We propose a unified model of elementary particles based on a supersym-
metric SO(10)GUT × SO(6)H gauge theory. This model completely achieves
natural unification of the strong and electroweak interactions without any
fine-tunings.
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It has been long noticed that the quarks and leptons fit into complete multiplets of a
simple gauge group such as SU(5)GUT [1] and SO(10)GUT [2] which unifies the standard gauge
group. This grand unification (GUT) approach seems to yield an attractive candidate of a
unified model beyond the standard one. In fact, recent high-precision measurements of the
three gauge coupling constants at low energies strongly support reality of the supersymmetric
(SUSY) unification of this kind [3]. However, as for the Higgs doublet, which also takes a
crucial part in the standard model, the unification does not work naturally. The doublet
tends to be accompanied by its triplet partner due to simplicity of the gauge group, which
poses a fine-tuning problem of the doublet-triplet splitting [4].
In this letter, we propose a supersymmetric unified model based on a semisimple gauge
group SO(10)GUT × SO(6)H , and show that it completely achieves natural unification of
elementary particles without any fine-tunings [5], keeping all the excellent successes of min-
imal SO(10) SUSY-GUT’s. In particular, the doublet-triplet splitting in the Higgs sector is
realized naturally in this model. At first glance, non-simplicity of the gauge group appears
to spoil unification of the standard three gauge coupling constants, which would be achieved
by means of a simple gauge group. However, that is not the case. It suffices that the SO(6)H
gauge interaction is strong enough at the GUT scale [8,9], which needs no fine-tuning (in a
gauge theory with asymptotic freedom).
Let us first consider a SUSY SO(10)GUT × SO(NC)H gauge theory with eleven flavors
of hyperquarks QAα (A = 1, · · · , 11; α = 1, · · · , NC) which transform as the vector NC
representation under the hypercolor SO(NC)H . The first ten hyperquarks Q
I
α (I = 1, · · · , 10)
form the 10 representation and the last one Q11α is a singlet of the SO(10)GUT . The reason
why we take the SO(NC)H (rather than the SU(NC)H) is that the anomaly-free condition
is automatically satisfied for the orthogonal groups (except SO(6) ≃ SU(4)) [10]. We also
introduce two kinds of SO(NC)H -singlet chiral superfields — a 10 Higgs HI and a 54 Higgs
SIJ (I, J = 1, · · · , 10) of the SO(10)GUT .
All the quark and lepton superfields constitute spinor 16 representations of the
SO(10)GUT and singlets of the SO(NC)H . We choose NC ≥ 6 to guarantee the asymp-
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totic freedom of the hypercolor gauge interaction. In the following, we restrict ourselves to
the minimum case NC = 6.
Imposing a global U(1)A symmetry
QIα → Q
I
α, Q
11
α → e
−2iξQ11α , HI → e
2iξHI , SIJ → SIJ , (1)
we forbid such (mass) terms as HIHI and Q
11
α Q
11
α in the superpotential. Notice that this
global U(1)A has an anomaly — it is broken by quantum effects. However, the broken U(1)A
still plays a crucial role to guarantee the masslessness of Higgs doublets [9].
The tree-level superpotential is, then, given by
W = λQQ
I
αQ
J
αSIJ +mQQ
I
αQ
I
α + hQ
I
αQ
11
α HI +
1
2
mSTr(S
2) +
1
3
λSTr(S
3), (I, J = 1, · · · , 10).
(2)
Classically there is an SO(10)GUT -unbroken vacuum, whereas it does not exist quantum
mechanically. If 〈SIJ〉 = 0, the low-energy physics below the scale mQ 6= 0 would be
effectively described by an SO(6)H gauge theory with one massless hyperquark Q
11
α . For
this case (Nf ≤ NC − 5), however, there is no stable SUSY vacuum [11]. Here, Nf denotes
the number of flavors of massless hyperquarks.
We now show that there is indeed a desired SUSY vacuum in the present model. We
consider vacua specified by
〈SIJ〉 = v


3
2
1
3
2
1
−1
−1
−1


; 1 =


1 0
0 1

 , (3)
in which the SO(10)GUT is broken down to the Pati-Salam gauge group SO(6) × SU(2)L ×
SU(2)R [12]. The vacuum-expectation value v is dynamically chosen as λQv = mQ or −
2
3
mQ
so that there are seven or five massless hyperquarks, respectively [13]. We adopt the former
vacuum, since the latter has a phenomenological problem [14].
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In the vacua v = mQ/λQ, the first four hyperquarks Q
i
α (i = 1, · · · , 4) are massive and
the rest Qaα (a = 5, · · · , 11) are massless. Therefore, we may treat this theory as an SO(6)H
gauge theory with seven hyperquarks at low energies. Fortunately, the quantum moduli
space is the same as the classical one for Nf ≥ NC − 1 in the SO(NC)H gauge theory [11].
This allows us to analyze the vacua with the aid of the classical theory in Eq.(2), since
the numbers of flavors and colors for the massless hyperquarks Qaα amount to Nf = 7 and
NC = 6, respectively.
It is now a straightforward task to seek all of the vacua with Eq.(3). The F -term flatness
conditions for the vacua are given by
mSS
IJ + λS
(
(S2)IJ −
1
10
Tr(S2)δIJ
)
+ λQ
(
QIαQ
J
α −
1
10
Tr(QIαQ
J
α)δ
IJ
)
= 0,
2(λQ SIJ +mQδIJ)Q
J
α + hQ
11
α HI = 0,
hQIαHI = 0,
hQIαQ
11
α = 0.
(4)
From these equations together with the D-term flatness conditions, we find the following
vacuum:
〈QIα〉 = vQ


O
1
1
1


, 〈Q11α 〉 = 0, 〈HI〉 = 0; vQ =
√√√√5(2λQmSmQ + λSm2Q)
4λQ3
, (5)
with Eq.(3). We take the Yukawa couplings λQ ∼ λS ∼ O(1) and v ∼ vQ, assuming
mS ∼ mQ. The GUT scale v ∼ vQ is suggested to be ∼ 10
16 GeV from the renormalization
group analysis on the gauge coupling constants of the low-energy gauge groups [3].
In this vacuum, the QIα condensation in Eq.(5) breaks the hypercolor SO(6)H gauge
symmetry (i.e. a Higgs phase is realized) and the total gauge group is broken down to the
SO(6)C × SU(2)L × SU(2)R. Here, the unbroken SO(6)C is the diagonal subgroup of the
hypercolor SO(6)H and the SO(6) subgroup of SO(10)GUT . The quark-lepton superfields
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transform as (4, 2, 1) and (4∗, 1, 2) under this unbroken SO(6)C × SU(2)L × SU(2)R, as
they do in the original Pati-Salam model. The gauge coupling constant of the SO(6)C is
given by
α6 =
αGUT
1 + αGUT/αH
. (6)
In general α6 6= αGUT and hence we do not have the GUT unification of the gauge coupling
constants of the low-energy gauge groups. However, as stressed before, the GUT unification
is achieved naturally in a strong coupling limit of the hypercolor SO(6)H , i.e. αH ≫ 1 [15].
Since the masses mQ and mS in the superpotential in Eq.(2) are assumed to be of order
the GUT scale, the vacuum-expectation value vQ of Q
a
α (a = 5, · · · , 10) also takes a value
of the GUT scale. In view of Eq.(2), the colored Higgs Ha (a = 5, · · · , 10) obtain the GUT
scale masses together with Q11α but the Higgs Hi (i = 1, · · · , 4) remain massless as long as
〈Q11α 〉 = 0. These massless Higgs multiplets transform as (2, 2) under the SU(2)L× SU(2)R.
They are identified with two Higgs doublets in the SUSY standard model when the SO(6)C×
SU(2)L× SU(2)R is broken down to the SU(3)C × SU(2)L× U(1)Y . The masslessness of Hi
is guaranteed by the U(1)A symmetry in Eq.(1) [9]. On the other hand, the mass term for
the colored Higgs Ha and Q
11
α is allowed since they have the opposite U(1)A charges each
other. Notice that the presence of the vacuum with unbroken U(1)A in Eqs.(3) and (5) is a
dynamical consequence of the present model.
We are now at a point to discuss further breaking of the remaining SO(6)C × SU(2)L ×
SU(2)R down to the SU(3)C × SU(2)L × U(1)Y . To this end, we introduce additional
Higgs superfields AIJ(45), φ(16), φ¯(16
∗) and a singlet χ of the SO(10)GUT [16]. Their
superpotential is given by
W ′ = mATr(A
2) + λATr(A
2S) + gφ(φ¯σIJφ)AIJ + gχ(φ¯φ− µ
2)χ. (7)
Then, the total superpotential is given by the sum of Eq.(2) and Eq.(7).
In order to show the presence of a desired vacuum, we consider the following forms of
〈AIJ〉 and 〈φ〉:
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〈AIJ〉 =


a iσ2
a iσ2
b iσ2
b iσ2
b iσ2


, 〈φ〉 = vφ (↑ ⊗ ↑ ⊗ ↑ ⊗ ↑ ⊗ ↑) , (8)
where [17]
iσ2 =


0 1
−1 0

 . (9)
The vacuum-expectation values a, b, vφ, vQ and χ satisfy equations
−5mQmSλ
−1
Q + 2λA(a
2 − b2)−
5
2
λSm
2
Qλ
−2
Q + 2λQv
2
Q = 0,
C1a− gφv
2
φ = 0,
C2b− gφv
2
φ = 0,
gφ(4a+ 6b)vφ + gχvφχ = 0,
gχ(v
2
φ − µ
2) = 0,
(10)
where we define
C1 ≡ 2mA + 3λAmQλ
−1
Q , C2 ≡ 2mA − 2λAmQλ
−1
Q . (11)
Here, we have used v = mQ/λQ in Eq.(3). From these equations we find a vacuum
vQ =
5
2
mQmSλ
−2
Q +
5
4
λSm
2
Qλ
−3
Q − g
2
φµ
4λAλ
−1
Q (C
2
1
− C2
2
)−1,
a = gφµ
2C−1
1
,
b = gφµ
2C−1
2
,
χ = −10g2φµ
2
(
λAmQλ
−1
Q + 2mA
)
(gχC1C2)
−1,
v2φ = µ
2,
(12)
where the total gauge group SO(10)GUT × SO(6)H is now broken down to just the standard
gauge group SU(3)C × SU(2)L × U(1)Y at the GUT scale.
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It is important that the 〈Q11α 〉 still vanishes as it does in Eq.(5). Thus, the masslessness
of the Higgs doublets Hi is maintained in this final vacuum.
Now, we proceed to the ordinary matter sector. We assign one unit of the U(1)A charge
to the quark-lepton superfields so that the Higgs doublets Hi couple to them and produce
their masses after spontaneous breaking of the SU(2)L × U(1)Y symmetry. Then, there are
two issues about quark and lepton masses as in the minimal SO(10)GUT models: vanishing
mixing angles in the quark sector and mass degeneracy of the neutrinos and up-type quarks.
These issues are resolved by taking into account nonrenormalizable interactions. Let us
define the U(1)A transformation of φ and φ¯ as
φ→ e−iξφ, φ¯→ eiξφ¯. (13)
Then, the superpotential of the model may contain nonrenormalizable interactions
W ′′ =
fαβ
MP
ψαψβφ¯φ¯, (14)
where MP denotes the Planck scale as a cutoff and ψα(16) (α = 1, 2, 3) are the three
families of quark-lepton multiplets. The vacuum-expectation value of φ¯ of the GUT scale
gives the right-handed neutrinos Majorana masses of the order of fαβ v
2
φ/MP ∼ fαβ × 10
13
GeV, resulting in small masses for the left-handed neutrinos [18]. Small masses of the
quarks and leptons which generate sizable mixings may be also induced by nonrenormalizable
interactions [19].
It might appear that the non-vanishing U(1)A charges of φ’s would spoil the masslessness
of the Higgs doublets Hi since their vacuum-expectation values break the U(1)A symmetry.
Fortunately enough, there remains an unbroken U(1) symmetry, U(1)A′, which is a linear
combination of the original U(1)A and a U(1) subgroup of the SO(10)GUT . The global U(1)A
and U(1)A′ symmetries are physically equivalent since the SO(10)GUT is a gauge symmetry.
Therefore, the Higgs Hi are kept massless by the unbroken U(1)A′ symmetry.
We conclude that the low-energy spectrum in the present vacuum is nothing other than
that in the SUSY standard model with the right-handed neutrinos.
Now, several comments are in order.
First, the dangerous dimension-five operators [20] which induce the proton decay are
forbidden in our model by the U(1)A′ symmetry.
Second, the SO(10)GUT is not asymptotically free above the threshold of the GUT su-
perfields such as SIJ , AIJ and φ’s. However, the gauge coupling constant αGUT may not
blow up until the Planck scale even if all the GUT superfields have the GUT scale masses.
Third, a SUSY-invariant mass term of the Higgs doublets may be generated when the
U(1)A′ symmetry is broken spontaneously at an intermediate scale [21].
Finally, we mention a possibility that the SO(10)GUT is broken down to the SU(5)GUT
at the Planck scale. Then our model can be regarded as the SU(5)GUT × SO(6)H theory
up to the Planck scale. That is, we may construct another model based on the SU(5)GUT ×
SO(6)H gauge group which also achieves natural unification of the strong and electroweak
interactions, as does the SO(10)GUT × SO(6)H model.
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